high-risk population. In contrast, a recent study of male smoksuccinate; vitamin D 3 ; NF-B; differentiation ers found that low doses of vitamin E had no significant effect on the incidence of lung cancer.
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In preliminary studies, we have shown that a phosphorothioate antisense oligonucleotide to the Rel A (p65) subIntroduction unit of NF-B enhanced the differentiation of HL-60 cells when combined with low levels of 1,␣25-dihydroxyvitamin Most cancer cells exhibit a defect in their capacity to mature D 3 (vitamin D 3 ). 13 Vitamin D 3 has multiple effects on bone to non-replicating adult cells, thereby remaining in a highly and mineral metabolism (see for example, Ref. 14) . Furtherproliferative state and outgrowing their normal cellular more, vitamin D 3 has been shown to be one of the most potent counterparts. An alternative approach to the cytodestruction initiators of the differentiation of HL-60 cells, as well as of of cancer cells by conventional antineoplastic agents is other hematopoietic cell lines. 15, 16 These effects are mediated through the induction of terminal differentiation, wherein cells by the binding of vitamin D 3 to a specific intracellular recepexposed to chemical or biological agents acquire the phenotor. 17 Clinical trials of vitamin D 3 in leukemic patients, howtypic characteristics of end-stage adult cell forms with no repever, have been ineffective, presumably due to hypercalcemia licative capacity and which ultimately undergo programmed which limited the therapeutic potential of this agent as a differcell death. Leukemia cells can be induced to undergo terminal entiating agent. 16 Since the formation of ROS appears to be a differentiation by a variety of chemical and biological agents common denominator in the signals that induce the activation (see for example, Refs 1 and 2), indicating that malignancy is of the transcription factor NF-B by various stimuli, 18 we have not an irreversible process and implying that certain cancers evaluated the potential of vitamin E and other antioxidants may eventually be treated with agents that induce terminal to enhance the differentiation of HL-60 cells when used in differentiation, presumably with less morbidity than that combination with vitamin D 3 . We have found that vitamin E produced by cytodestructive agents.
and other dietary antioxidants markedly enhance the terminal Fruits and vegetables have the potential to protect humans differentiation of HL-60 promyelocytic leukemia cells profrom cancer and a wide variety of other life-threatening disduced by low levels of vitamin D 3 . The use of low levels of eases. 3, 4 Components of the diet that appear to be important vitamin D 3 , or an analog thereof that does not mobilize calchemopreventive agents include the antioxidants, which precium, in combination with dietary nutrients such as vitamin vent cellular damage caused by reactive oxygen species (ROS) E, might well result in a clinical therapy, through the induction of terminal differentiation, with tolerable side-effects. Accordingly, this report has examined the effects of several antioxi- Cell culture sonicated and extracted, twice with hexane containing 25 g/ml of butylated hydroxytoluene. The combined hexane HL-60 leukemia cells were obtained from Dr Robert C Gallo (University of Maryland, Baltimore, MD, USA), maintained in layers were collected after centrifugation and evaporated under nitrogen gas. Residues were resuspended in continuous culture in RPMI-1640 medium (Gibco, Grand Island, NY, USA) supplemented with 15% (v/v) heat-inactiethanol/tetrahydrofuran (4:1, v/v) and were analyzed using a 5 m Beckman DABS Ultrasphere 250 × 4.6 mm column vated (50°C for 30 min) fetal bovine serum (Gibco), 100 units of penicillin/ml and 100 g of streptomycin/ml (Sigma). The (Beckman Instruments, Fullerton, CA, USA), with samples being eluted at a flow rate of 1.7 ml/min, using 98.2% methdoubling time of HL-60 cells was approximately 24 h. Cell stocks were employed between passages 35 and 65, and were anol as the mobile phase. Detection was performed with a model HP 1050 Multiple Wavelength Detector (Hewlett-Packre-established from stock cultures cryopreserved in 10% glycerol. Cell stocks were routinely monitored for mycoplasma ard, Wilmington, DE, USA) which monitored 292 nm and 286 nm simultaneously for vitamin E and its esters, respectcontamination by the gene probe method (Gen Probe, San Diego, CA, USA).
ively. Sample peaks were identified by comparison of retention times with those of authentic standards and concenCultures were maintained at 37°C in a humidified atmosphere containing 5% CO 2 in air. Cellular differentiation was trations expressed as g/10 7 cells were determined from a standard curve derived for each constituent. Retention times induced by suspending cells at an initial density of 2 × 10 5 cells/ml in 24-well Corning plastic tissue culture plates were 3.2, 9.6, and 13.9 min for vitamin E succinate, vitamin E, and vitamin E acetate, respectively. (Corning, NY, USA) in the presence of inducing agent for varying periods of time. Cell numbers were determined with a Coulter particle counter equipped with a Channelizer (Coulter Electronics, Hialeah, FL, USA).
Measurement of oxidative stress
The level of oxidative stress in HL-60 cells after exposure to vitamin D 3 and vitamin E esters alone or in combination was Differentiation of HL-60 cells assessed by measuring the formation of thiobarbituric acid reactive substances (TBARS). 19 TBARS are formed primarily Differentiation was assessed by subculturing cells in fresh RPMI-1640 medium containing 15% heat-inactivated fetal from lipid peroxidation, but may also be produced by the oxidation of carbohydrates (eg deoxyribose) and DNA. Thus, bovine serum in the presence of combinations of inducing agents. Maturation of HL-60 cells was monitored by NBT dye determination of TBARS using this protocol provides a reasonable measure of general oxidative damage. In each experireduction and by the binding of a monoclonal antibody to CD 11b integrin (Mo 1). Briefly, cells were exposed to various ment, 1 ml of a solution containing 0.375% thiobarbituric acid, 15% trichloroacetic acid, and 0.25 M HCl was added to concentrations of vitamin E or other antioxidant for 1 to 5 days in the presence or absence of 5 nM vitamin D 3 . Approximately a pellet (containing 5 × 10 7 to 10 8 cells) that was resuspended in 0.5 ml of PBS. Reaction mixtures were then heated in 2 × 10 6 cells were harvested by centrifugation and resuspended in 1.0 ml of RPMI-1640 complete medium containing tightly-stoppered tubes for 10 min in a boiling water bath, and the tubes were cooled and centrifuged to remove precipitated 0.1% NBT and 1.0 g of TPA/ml. Cell suspensions were incubated at 37°C for 30 min and the percentage of cells containprotein. The absorbance of the supernatant was determined at 530 nm. Results are expressed as pmol of malonaldehyde ing blue-black formazan deposits, indicative of a TPA-stimulated respiratory burst, was determined by microscopic formed, calculated from the absorbancy, using an extinction coefficient of 1.56 × 10 5 cm 2 /mmol. examination. The binding of Mo 1 monoclonal antibody (Coulter Immunology, Hialeah, FL, USA) to the surface of HLLevels of oxidized (GSSG) and reduced (GSH) glutathione were determined using the GSH recycling assay as modified 60 leukemia cells was assessed by direct immunofluorescence. Mo 1 monoclonal antibody was prepared and used by Griffith. 20 Cell pellets were suspended in 1 ml of PBS and 100 l of each suspension was removed for protein quantifiaccording to the procedure recommended by the manufacturer. HL-60 cells exposed to vitamin D 3 alone or in combication using the method of Smith et al. 21 To the remaining 900 l of each cell suspension, 47.4 l of 100% trichlonation with an antioxidant for various periods of time were collected and washed twice with ice-cold phosphate-buffered roacetic acid was added and the suspension was kept on ice for 5 min. The pH of the mixture was then adjusted by the saline (PBS). Cells were then incubated with antibody on ice for 30 min, washed twice with PBS, and antibody binding to addition of 127.8 l of 2 M NaOH and precipitated protein was removed by centrifugation. For a given sample, 100 l aliquots of the supernatant were placed in each of two tubes. To one tube, 2 l of 2-vinylpyridine was added and allowed to react for 1 h at room temperature. 2-Vinylpyridine masks GSH, allowing a direct determination of GSSG. The other aliquot was used to determine total GSH plus GSSG, allowing the determination of GSH as the difference between the values obtained with the two aliquots. GSH was measured as the rate (A 412 nm/unit time) of the GSH-dependent reduction of 5,5′-dithiobis(2-nitrobenzoic acid) and quantified using a GSH standard curve.
Electrophoretic mobility-shift assay (EMSA)
Nuclear extracts from cells exposed to vitamin E esters for 24 h in the presence or absence of vitamin D 3 were isolated and EMSAs were performed as described by Dignam et al.
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Briefly, after collection and washing of cells in PBS, the cell pellet was suspended in buffer A (10 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES; pH 7.9), 1.5 mM MgCl 2 , 10 mM KCl, 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF)) plus 0.1% Triton X-100, incubated at 4°C, and nuclei collected by centrifugation. The nuclear pellet was washed in buffer A without Triton X-100, resuspended in buffer B (20 mM HEPES (pH 7.9), 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 1 mM DTT and 2 mM PMSF) and incubated for 30 min at 4°C. An oligodeoxynucleotide probe containing the sequence 5′-GGATCCTCAACAGAGGGGACTTTCCAGGCCA-3′, which corresponds to the kB motif, was used to detect NF-B activity. The probe was labeled with ␣-32 P-deoxynucleoside triphosphate dNTP as described by Dignam et al. 22 To establish the identity of NF-B in extracts, each nuclear or cytoplas- value is the mean of three or more independent experiments ± s.e.
Cytoplasmic extracts were activated by 0.8% sodium deoxycholate for 10 min at room temperature, followed by the addition of NP-40 to a final concentration of 1.2%. Comnificant cellular differentiation, with less than 15% of the cells attaining a differentiated phenotype. In contrast, vitamin E plexes, resolved on a 4% non-denaturing polyacrylamide gel in Tris-borate-EDTA buffer, were subjected to autoradiography acetate, at levels up to 1.2 mM, did not enhance the differentiation of HL-60 cells induced by 5 nM vitamin D 3 ( Figure 1b) . and quantified by densitometry.
To determine whether the succinate moiety itself was responsible for the effects of vitamin E succinate, we exposed cells to methyl acetate, dimethyl succinate, ethyl acetate and Results diethyl succinate in the presence of vitamin D 3 . None of these agents caused an increase in the degree of HL-60 maturation HL-60 cells were treated simultaneously with 5 nM vitamin D 3 and various concentrations of vitamin E succinate or vitamin induced by vitamin D 3 (data not shown); however, exposure to free vitamin E in combination with vitamin D 3 caused a E acetate and the number of differentiated cells, as measured by Mo 1 and NBT positivities, were determined. The addition relatively slight increase (29.1% Mo 1 positivity) in the level of differentiation over that produced by vitamin D 3 alone. of vitamin E succinate to cultures exposed to a suboptimal concentration of vitamin D 3 (5 nM), which by itself caused a At present, the clinical usefulness of vitamin D 3 as an inducer of differentiation is limited by its significant hypercalrelatively low level of differentiation (less than 18%), resulted in a marked increase in the degree of differentiation, measured cemic activity. In an effort to circumvent this potential difficulty we have evaluated several vitamin D 3 analogs with difby an increase in Mo 1 positivity (Figure 1a ) and NBT positivity (data not shown). exhibited markedly enhanced differentiation of HL-60 cells amin D 3 was a result of the redox properties of this agent, and not to some other action of vitamin E succinate, analogous when incubated in the presence of 50 M vitamin E succinate ( Table 1 ). In contrast, the vitamin D 3 analog, 1,25-dihydroxystudies were conducted using other antioxidants with known effects on the activation of NF-B. In these studies, ␣-lipoic 16,23-diene vitamin D 3 (Ro 24-2287), which causes a significant increase in calcium mobilization compared to vitamin acid ( Figure 2a ) and ␤-carotene (Figure 2b ), both components of the diet with known antioxidant properties, as well as the D 3 itself and is less effective in binding to the receptor, did not induce differentiation even when combined with vitamin food additive butylated hydroxyanisole (Figure 2c ), were employed. These agents also caused an increase in the num-E succinate. 1,25-Dihydroxy-16-ene vitamin D 3 (Ro 24-2637), which is known to be similar to vitamin D 3 in its capacity to ber of differentiated HL-60 cells when combined with vitamin D 3 that was comparable to that produced by vitamin E succiinduce HL-60 maturation, also exhibited markedly enhanced differentiation of HL-60 cells when combined with vitamin nate. In addition, the dietary antioxidant vitamin C (ascorbic acid) caused a small increase in the level of differentiation E succinate.
The capacity of vitamin E succinate to enhance the differenwhen combined with a low level of vitamin D 3 ( Figure 2d ). In contrast, the antioxidant N-acetylcysteine, which is believed tiation produced by vitamin D 3 , which contrasts with vitamin E acetate, appears to be due to the accumulation of the succito act by increasing intracellular levels of GSH, was extremely toxic to HL-60 cells at concentrations approaching those that nate form of vitamin E by HL-60 cells to a much greater extent than the accumulation of vitamin E acetate. Thus, as shown have been commonly used to inhibit the activation of NF-B (20 mM), and had little or no effect on the differentiation of in Table 2 , the exposure of HL-60 cells to vitamin E succinate resulted in a pronounced accumulation of total vitamin E by HL-60 cells when combined with vitamin D 3 at levels that were not toxic to cells (data not shown). the cells in a 24-h period, with the predominant form being vitamin E succinate combined with a small amount of free Vitamin E and other natural antioxidants inhibit the oxidation of membrane lipids by ROS. Since the formation of vitamin E. In contrast, HL-60 cells incubated with vitamin E acetate contained a similar small level of free vitamin E and ROS appears to be a common denominator in the signals that induce NF-B activation by a variety of stimuli, the impact of an equivalent small amount of vitamin E acetate, indicating that the acetate ester was not effectively taken up by the cells.
the vitamin E esters on the oxidative status of HL-60 cells was assessed by measuring the formation of TBARS. Both vitamin To gain evidence that the capacity of vitamin E succinate to enhance the differentiation of HL-60 cells produced by vit-E succinate and vitamin E acetate alone or in combination with vitamin D 3 produced a decrease, although not statistically significant, in the mean level of TBARS accumulated observed at 24 h, with a greater decrease in total GSH occura Each value is the mean of three independent experiments ± s.e. ND, not detected.
ring after exposure of HL-60 cells to vitamin E succinate for 48 h than that obtained with vehicle or vitamin E acetateDiscussion treated samples. At 120 h, however, the levels of GSH were similar under each of the conditions employed. Treatment of The possibility that agents, such as the antioxidants, vitamin E succinate, lipoic acid and ␤-carotene, that affect the cellular cells with 5 nM vitamin D 3 alone or in combination with either vitamin E acetate or vitamin E succinate did not significantly redox potential and thereby the activity of NF-B, have the capacity to affect the growth and differentiation of HL-60 proalter the levels of GSH from those occurring when cells were treated with either tocopherol ester alone (data not shown).
myelocytic leukemia cells has been evaluated. Although these agents did not by themselves induce the differentiation of To ascertain whether the levels of vitamin E succinate employed were capable of causing the inhibition of NF-B, these leukemia cells, when used in combination with low levels of the monocytic differentiating agent, vitamin D 3 , a we analyzed nuclear extracts of HL-60 cells for NF-B activity by an EMSA, using a probe specific for the kB DNA-binding marked increase in the number of mature cells was obtained as measured both by an increase in the surface antigen Mo 1 motif of NF-B. As shown in Figure 5 , the presence of a complex with a high electrophoretic mobility was detected in the and by NBT positivity, a measure of superoxide production. This is of interest since vitamin E succinate has been shown nuclear extracts of HL-60 cells. The specificity of this DNAbinding complex was illustrated by the observation that the to be an effective inhibitor of the proliferation of a variety of neoplastic cell lines (see for example, Ref. 26). In contrast to binding of the labeled NF-B probe was efficiently competed by an excess of unlabeled probe in untreated nuclear extracts the effects seen with vitamin E succinate, vitamin E acetate at levels up to 1.2 mM had no significant effect on the differen-( Figure 5 ), as well as in extracts from cells treated with vitamins E and D 3 (data not shown). Whereas exposure of cells tiation of HL-60 cells induced by 5 nM vitamin D 3 . The finding of greater activity with vitamin E succinate than with vitamin to vitamin D 3 alone for 24 h had no effect on the level of the NF-B complex, a 24 h exposure to vitamin E succinate E acetate in enhancing the action of vitamin D 3 appears to be due to the accumulation of the succinate form of vitamin E caused a marked reduction in the formation of the nuclear complex of NF-B both in the presence and absence of vitby HL-60 cells to a much greater extent than the acetate form. Thus, exposure of HL-60 cells to vitamin E succinate resulted amin D 3 . In contrast, vitamin E acetate had no significant effect on the NF-B nuclear complex; however, a slight in a marked accumulation of this ester, with minor conversion to free vitamin E, whereas cells incubated with vitamin E acetreduction was observed in cells exposed to vitamin E acetate in the presence of vitamin D 3 .
ate almost completely excluded the acetate form, a finding
Figure 3
Effects of vitamin E esters on the production of TBARS in HL-60 cells. HL-60 leukemia cells were exposed to vitamin E succinate or vitamin E acetate for 24 h in the absence or presence of 5 nM vitamin D 3 . Aliquots were removed and analyzed for TBARS as described in Materials and methods. Each value was adjusted for the number of cells and expressed as the pmol of TBARS formed per 10 6 cells and is the mean of three or more independent experiments ± s.e.
Figure 5
Inhibition of nuclear NF-B DNA-binding activity by vitamin E succinate. Nuclear extracts from HL-60 cells treated with either ethanol as a vehicle (control), 50 M vitamin E succinate, or 500 M vitamin E acetate in the absence or presence of 5 nM vitamin D 3 for 24 h were analyzed by an EMSA for NF-B DNA binding activity. The nuclear extracts from each treatment was analyzed in the absence or presence (+ competitor lane) of a 50-fold molar excess of unlabeled DNA as competitor, only control (vehicle-treated) cells shown. A reticulocyte extract was used as a positive control for NF-B DNA binding activity. The position of the NF-B complex is indicated by the arrow. Data are from one of two independent experiments with comparable results. consistent with that of others. 27 Since neither RPMI 1640 medium nor the fetal bovine serum used in these experiments contained detectable levels of vitamin E (esters), one possibility is that the effects of vitamin E on the induction of the maturation of HL-60 cells by vitamin D 3 may be an indication that an intracellular deficiency in the concentration of antioxidants exists in HL-60 cells grown in culture. In support of this
Figure 4
Effects of vitamin E esters on the GSH levels of possibility is the report of a need for supplementation with Vitamin E succinate may produce biological effects unrereceptor binding, as well as phorbol esters, X-irradiation, calcium ionophores, protein synthesis inhibitors, and nitric lated to its antioxidant properties. 30 To ensure that the action of vitamin E succinate in enhancing the differentiation prooxide. 34 Thus, the activation of the NF-B transcription factor complex appears to be dependent upon the redox status of duced by vitamin D 3 is due to its role as an antioxidant, the effects of several chemically unrelated antioxidants, which the cell. Such a role for ROS was suggested because the activation of NF-B can be induced by hydrogen peroxide and is presumably distribute differently within the cell, on the degree of differentiation produced by vitamin D 3 were measured. The blocked by a variety of dietary antioxidants.
34
NF-B is a ubiquitous factor implicated in the activation of finding that ␤-carotene, lipoic acid and butylated hydroxyanisole enhanced the maturation induced by vitamin D 3 supports numerous cellular and viral genes, including various cellular adhesion molecules, cytokines, cytokine receptors and the the conclusion that the observed potentiation is the result of the antioxidant activity of these agents.
HIV-1 LTR (long terminal repeat). 35 Many of these molecules play an important role in carcinogenesis, metastasis, and in TBARS are formed primarily from the oxidation of lipids, and to a lesser degree from carbohydrates and DNA. 31 The both the inflammatory and immune responses. 36 Although the mechanism by which vitamin E succinate and other antioximethodology used in this report to quantify the amount of TBARS measures the contribution from all of these sources, dants block the activation of NF-B is currently unknown, it is believed that antioxidants prevent the redox-dependent actithereby being a reflection of the global oxidative stress of the environment of these cells. 31 The cellular environment vation of a protein kinase essential for the phosphorylation of IkB, the inhibitory protein of the NF-B complex, preventing becomes increasingly oxidizing in nature during the differentiation of a variety of cell types, including HL-60 cells.
32 Cells NF-B from migrating from the cytoplasm to the nucleus. 37 In previous investigations, we have shown that exposure of exposed to either ester of vitamin E in the absence or presence of vitamin D 3 for 24 h exhibited a reduction in the level of HL-60 promyelocytic leukemia cells to a phosphorothioate antisense oligonucleotide to the Rel A subunit of NF-B led TBARS; however, this decrease was not statistically significant when compared to cells treated with either vehicle or vitamin to changes in the cellular adhesion of and the expression of Mo 1 by differentiated HL-60 cells. 38 Furthermore, we have D 3 alone. Since both the succinate and acetate esters did not significantly decrease the concentration of TBARS, in both the found that the phosphorothioate antisense oligonucleotide to the Rel A subunit of NF-B markedly enhanced the differenabsence and presence of vitamin D 3 , it is likely that the observed relatively slight reduction in the level of TBARS is tiation of HL-60 cells produced by low levels of vitamin D 3 .
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Although the Rel A antisense oligonucleotide has provided us not essential for the effects of these antioxidants on the differentiation process. Vitamin E succinate is less lipophilic than with a useful tool to evaluate the cellular functions of NF-B, at present antisense oligonucleotides have many practical free vitamin E or its acetate ester and therefore might be expected to distribute more uniformly throughout the cell, disadvantages which will have to be resolved before any clinical potential can be realized. The studies with the Rel A antithereby having a greater potential to target transcription factors such as NF-B. However, it is also conceivable that lipid sense oligomer have, however, led us to use vitamin E and other antioxidants in combination with vitamin D 3 as an peroxidation may not be an effective measure of the redox status of cells under basal oxidative conditions. inducer of the terminal differentiation of leukemia cells, since these antioxidants are potent inhibitors of NF-B activity (see GSH is one of the major regulators of the redox status of cells. GSH is normally maintained largely in the reduced state, for example, Ref. 39). In the present study, NF-B binding was markedly decreased by a 24 h exposure to vitamin E succiexcept under conditions of severe oxidative stress. 33 Therefore, it was not unexpected that the treatment of HL-60 cells nate, an action that preceded the development of the differentiated photype. This observation is consistent with the concept with antioxidants had no effect on the GSH/GSSG balance of these cells. However, vitamin E succinate significantly that vitamin E succinate and several related antioxidants act by depressing NF-B activity, in a manner analogous to that reduced GSH levels by approximately 50% compared to control levels after 48 h of exposure to this ester; this decrease observed previously with the antisense oligomer to Rel A. If such a mechanism is operative, the results would further sugoccurred in the presence of a general reduction in total GSH levels in both control and vitamin E acetate-treated cultures.
gest that the Rel A subunit of NF-B, either as a homodimer or a heterodimer with some other member of the NF-B tranFurthermore, by day 5 all treatment groups including the untreated controls exhibited a similar reduction in cellular scription factor complex, regulates the expression of genes involved in the induction of tumor cell maturation by vitamin GSH, suggesting that the observed reduction in the levels of total GSH is not a critical event for the induction of differen- Reactive oxygen intermediates are thought to be involved The enhanced induction of HL-60 cell maturation produced by the combination of vitamin E succinate and vitamin D 3 in the pathogenesis of a variety of disease states, including cancer, aging, inflammatory reactions, chemical and chemomakes it feasible that the use of combinations of vitamin D 3 or an analog thereof with vitamin E succinate or another antitherapy-induced toxicity and ischemia-reperfusion injury. Many cellular events are known to be regulated by the cellular oxidant could be of importance as a therapeutic approach to the treatment of acute myelocytic leukemia that involves terredox potential; however, the involvement of a precise cellular event has proven difficult to delineate. A particularly relminal differentiation. Such a therapy may result in significantly less morbidity to patients, not only because the fundaevant system that appears to be intimately controlled by the redox activity of cells is the transcription factor NF-B. The mental mechanisms of action of the vitamin D 3 analog and
